INTRODUCTION
Rapamycin is an antifungal agent originally purified from Streptomyces hygroscopicus (4) . Structural analysis of rapamycin reveals that it is an analogue of the macrolide antibiotic FK506. Similar to FK506, rapamycin also has immunosuppressive effects (4) . Rapamycin analogs with improved pharmaceutical properties have been used clinically to inhibit both host rejection following organ transplantation and the restenosis of coronary arteries after angioplasty (77) . Importantly, recent studies found that rapamycin has potent growth inhibitory activity against the development of various types of tumors and has potential for being used as anticancer treatment (115, 210) .
Rapamycin inhibits cell growth in many types of cells including the budding yeast Saccharomyces cerevisiae (106) . The yeast TOR1 and TOR2 genes were originally identified as the targets of rapamycin (143) . Mutations in the yeast TOR1 or TOR2 gene confer resistance to the growth-inhibitory properties of rapamycin. However, rapamycin does not directly inhibit TOR; instead, it forms a complex with FKBP12 (FK506 binding protein). It is the FKBP12-rapamycin complex that binds to TOR and inhibits its activity (4) . Subsequently, the structurally and functionally conserved mammalian counterpart of yeast TOR, mTOR (also known as FKBP-rapamycin-associated protein [28] , rapamycin and FKBP12 target [206] , or rapamycin target [43] ) was discovered based on its ability to bind to the FKBP12-rapamycin complex. Recently, TOR homologs have also been discovered in Drosophila (dTOR) (181, 278) , Caenorhabditis elegans (CeTOR) (155) , fungus (TOR1 in Cryptcococcus neoformans) (54) , and plants (AtTOR in Arabidopsis thaliana) (167) . Thus, TOR is an evolutionarily conserved protein.
The TOR proteins have a C-terminal region with high homology to the catalytic domain of phosphatidylinositol 3-kinase (PI3K) and thus have been termed PI kinase-related kinases (PIKKs). In addition to TOR, the PIKK family includes DNA-PK, ataxia telangiectasia mutated (ATM), and ataxia telangiectasia and Rad-3-related (ATR) (111) . The PIKKs are involved in a diverse array of cellular processes, including cell growth control, cell cycle regulation, and DNA damage checkpoint regulation. Interestingly, although the protein sequences of PIKKs demonstrate significant homology to those of lipid kinases, no PIKKs have to date been shown to have lipid kinase activity. Consistently, studies indicate that both yeast and mammalian TOR proteins are protein kinases that preferentially phosphorylate serine or threonine residues (32, 33, 125) . Although few physiological substrates of yeast TOR are currently known, biochemical studies have indicated that mTOR can directly phosphorylate a (Ser/Thr)-Pro motif, as seen in the substrates 4EBP1 and STAT3, or a threonine flanked by bulky hydrophobic residues, as seen in the substrate S6K. However, as discussed later in this review, it is also possible that mTOR may indirectly phosphorylate these substrates by regulating a yet to be identified mTOR-associated kinase.
Studies of TOR signaling in yeasts, Drosophila, and mammals have demonstrated that TOR is involved in cellular growth control (where cell growth refers to an increase in both cell size and cell number) by regulating several processes such as transcription, translation, protein degradation, and ribosome biogenesis. Disruption of TOR genes leads to early embryonic death in both flies and mammals, indicating that TOR plays an essential role in development (171, 181) . In flies and mammals, TOR plays a critical role in regulating cell size in response to extracellular growth factors and nutrient availability (72, 73, 181, 278) . These topics have been previously discussed extensively in several excellent reviews (141, 195) . In this review, we focus on recent progress in TOR research. Biochemical purification has identified a high-molecularweight complex associated with TOR in vivo. The identification of TOR-interacting proteins, such as Kog1p (Raptor) and Lst8p (mLst8/G␤L), has significantly advanced our understanding of how TOR is regulated and how it recruits its target substrates (95, 135, 136, 154) . Furthermore, recent Drosophila genetic studies have identified two tumor suppressor proteins, TSC1 and TSC2, as negative regulators of TOR signaling (75) . The identification of a small G protein, Rheb, as a target of TSC1-TSC2 and an activator of TOR signaling has generated new interest in the function and regulation of the TOR pathway (209, 233, 279) . The TSC1-TSC2-Rheb-TOR pathway integrates a wide variety of signals from growth factors, nutrients (amino acids), lipids (phophatidic acid), osmotic stress, and energy (ATP) to control cell growth (76, 121, 243) . We discuss in detail how TOR protein function is regulated by TSC1-TSC2 and Rheb.
TORs AND THEIR INTERACTING PROTEINS TOR Complexes in Yeast
S. cerevisiae has two different TOR genes, termed TOR1 and TOR2, which encode proteins with molecular masses of approximately 280 kDa. Tor1p and Tor2p have 67% sequence identity and are partially redundant in function (107) . Both Tor1p and Tor2p play a critical role in translation initiation FIG . 1. TOR complexes in yeast and mammalian cells. TOR complex 1 (TORC1) contains either Tor1p or Tor2p with Kog1p, Lst8p, and Tco89p. TORC1 regulates a variety of functions including transcription, mRNA turnover, protein turnover, and translation. All of these TORC1 functions are rapamycin sensitive. TORC2 consists of Tor2p, Avo1-3p, Bit61p, and Lst8p. TORC2 regulates cytoskeleton organization. This function is specific for TORC2 and rapamycin insensitive (left panel). Mammalian TOR also forms two complexes. mTORC1 consists of mTOR, Raptor, and G␤L (mLst8). The identified function of mTORC1 complex is similar to that of yeast TORC1. Recently, Rictor/mammalian AVO3 has been identified as a component of mTORC2. Rictor/mAVO3 and G␤L are involved in regulating cytoskeleton organization in a rapamycininsensitive manner.
and cell cycle progression in response to nutrients (14) (Fig. 1) , and both of these functions are inhibited by rapamycin. An important function unique to Tor2p is its ability to regulate the polarization of the actin cytoskeleton during cell cycle progression (215, 217, 218) . Interestingly, this function of Tor2p is rapamycin insensitive because the rapamycin-FKBP12 complex does not bind to the TOR complex 2 (see below).
Recently, Hall and coworkers have successfully purified and identified the components of two distinct TOR-associated complexes in yeast ( Fig. 1) (154) . TOR complex 1 (TORC1) contains either Tor1p or Tor2p, together with Kontroller of growth 1 (Kog1p) and Lethal with sec thirteen (Lst8p). TORC1 modulates translation initiation, inhibits protein turnover, and represses the transcription of specific genes that are induced by nutrient starvation. It has been found that the functions of TORC1 are inhibited by the rapamycin-FKBP complex. Furthermore, disruption of TORC1 in yeast mimics the phenotype seen after rapamycin treatment, suggesting that TORC1 is the physiological target of rapamycin. Similar studies with mammalian cells have demonstrated that TORC1 is structurally and functionally conserved in high eukaryotes (95, 135) . TOR complex 2 (TORC2) consists of Tor2p, Avo1p (Adheres voraciously to Tor2), Avo2p, Avo3p, and Lst8p (Fig.  2) . TORC2 mediates the reorganization of the actin cytoskeleton (154) (Fig. 1) . Notably, in contrast to TORC1, the rapamycin-FKBP12 complex does not bind to or inhibit TORC2. Studies of the individual functions of the various components of TORC1 and TORC2 will provide a better understanding of mechanisms underlying the distinct functions of TORC1 and TORC2 in yeast. Also, the mechanisms by which rapamycin selectively inhibits nutrient signaling but not actin cytoskeleton reorganization are clarified. Interestingly, the TOR-interacting proteins, Avo1p and Avo3p, are conserved both in the fission yeast (Sin1p and Ste20p, respectively) and in mammals (hSIN1 and Rictor, respectively) (128, 208, 267) . hSin1 has an mRNA expression profile similar to that of mTOR (154) , although an interaction between mTOR and hSIN1 has not been reported. Recently, two groups have discovered that mammalian AVO3, also known as rapamycin-insensitive companion of mTOR (Rictor), interacts with mTOR (128, 208) . Therefore, it is very likely that a functional equivalent of TORC2 might exist in mammalian cells. Recently, Powers's group has also purified additional proteins, Tco89p and Bit61p, as binding partners of TORC1 and TORC2, respectively. Notably, Tco89p was proposed as another important component of TORC1 and participates in cellular integrity (201) .
mTOR Complex in Mammalian Cells
Mammals contain a single TOR gene, termed mTOR. Recent studies have indicated that like yeast TOR, mTOR forms a functional protein complex with at least two proteins: Raptor (regulatory associated protein of mTOR), a mammalian counterpart of Kog1p in yeast, and mLst8/G␤L, a mammalian ortholog of the yeast Lst8p (95, 135, 136) (Fig. 1) , indicating the existence of mammalian TORC1 (mTORC1). Raptor is a 150-kDa protein, containing a conserved N-terminal domain, three HEAT domains, and seven WD40 motifs; mLst8 is composed of seven WD40 motif repeats and has sequence homology to the ␤ subunit of heterotrimeric G proteins (Fig. 2) . The mTOR-Raptor-G␤L complex possesses a total of 14 WD40 motifs and 23 HEATs motifs, two domains that are important for protein-protein interactions, suggesting that this complex could serve as a central nexus for TOR signaling. The structural features of this complex support the notions that, like its homologs in yeast and in Drosophila, mTOR functions in the context of a larger signaling complex. Both biochemical and genetic studies of mammalian cells indicate that both Raptor and mLst8 play important roles in regulating mTOR function.
The expression pattern of Raptor in different mammalian tissues is strikingly similar to that of mTOR, suggesting that it may function as an important subunit in the mTOR-associated complex (135) . When Raptor is present in the mTOR complex, immunopreciptiated mTOR can efficiently phosphorylate both S6K and 4EBP1, two well-known targets of mTOR. However, whereas when Raptor is absent from the mTOR complex, mTOR shows decreased ability to phosphorylate its substrates, especially 4EBP1 (95) . This suggests that Raptor is required for mTOR to efficiently phosphorylate its substrates. Consistently, increasing Raptor levels in the cell by overexpression promoted the kinase activity of mTOR in vitro (95) . Furthermore, knock down of Raptor expression caused a decrease in the expression of mTOR as well, indicating that Raptor may contribute to maintaining mTOR protein stability (135 (135) . Similarly, knock down of the Raptor homolog in C. elegans caused a phenotype similar to that associated with ceTOR knock down (95) . These studies have led to a conclusion that complex formation between mTOR and Raptor is critical for mTOR function. Several models have been proposed to explain how the complex containing Raptor and mTOR works. One model proposed by Hara et al. suggests that Raptor serves as a scaffolding protein to bridge the interaction between mTOR and its substrates (95) . This idea is supported by the fact that both S6K and 4EBP1 physically interact with Raptor (95). Schalm and Blenis have discovered that S6K contains a TOR signaling motif (TOS motif), mutation of which abolishes the phosphorylation of S6K by mTOR; the TOS motif is also found in 4EBP1 (211) . Mutation of the TOS motif diminishes both S6K and 4EBP1 binding to Raptor, and such mutants displayed a relatively low rate of phosphorylation by mTOR in vitro (22, 46, 178, 212) . In addition, several groups more recently have shown that, distinct from the TOS motif, the 4-amino-acid RAIP motif in 4EBP1 is also important for mTOR-dependent phosphorylation of 4EBP1 (22, 46) . Mutation of this motif disrupts the binding of 4EBP1 with Raptor in vivo, although the first 24 amino acids in 4EBP1 containing an intact RAIP motif is not sufficient to bind Raptor, suggesting that the RAIP motif is necessary but not sufficient for 4EBP1 to engage with Raptor. Taken together, these biochemical analyses have demonstrated that the TOS motifs of S6K and 4EBP1 are used for binding to Raptor and suggest that Raptor plays a role as an adaptor to recruit substrates to be phosphorylated by mTOR.
Alternatively, it has also been proposed that, instead of merely presenting substrates to mTOR, Raptor directly influences mTOR kinase activity (135) . Kim et al. reported that several agents that inhibit mTOR signaling by affecting mitochondrial function or energy metabolism, such as antimycin and 2-deoxyglucose (2-DG), enhanced the Raptor-mTOR association, whereas agents that stimulate mTOR activity, such as amino acids (e.g., leucine), decreased affinity in the binding between Raptor and mTOR (135) . Based on these observations, Kim et al. proposed that Raptor could bind mTOR in either a high-affinity state or a low-affinity state. When binding of Raptor to mTOR is in a high-affinity state, mTOR activity is inhibited, whereas when the Raptor-mTOR binding is in a low-affinity state, mTOR kinase activity is enhanced (135) . These observations were made with endogenous Raptor and mTOR. This phenomenon, however, has not been successfully reproduced with overexpressed mTOR and Raptor (95) . For example, amino acids failed to affect the affinity of association between ectopically expressed mTOR and Raptor (95) . Further studies are needed to confirm whether nutrient signals affect the binding between Raptor and mTOR. Intriguingly, Kim et al. also noted that rapamycin efficiently disrupted the Raptor-mTOR complex under phosphate-rich conditions. This finding may suggest one mechanism whereby rapamycin inhibits mTOR function and is consistent with the notion that rapamycin does not directly inhibit intrinsic mTOR kinase as mTOR autophosphorylation is insensitive to rapamycin (189) .
Third, it is possible that mTOR does not directly phosphorylate S6K or 4EBP1. Instead, Raptor may bring in yet to be identified mTOR-dependent kinases to phosphorylate S6K and 4EBP1 at rapamycin-sensitive sites. To test this idea, it will be important to ask whether recombinant Raptor can rescue the kinase activity of mTOR purified under high-nonionicdetergent conditions, which easily disrupt the Raptor-mTOR complex (95, 135) . In this situation, any rescued kinase activity should reflect the activity of other, perhaps novel, Raptorassociated kinases, rather than that of mTOR. Indeed, Proud's group has shown that the mutation in TOS motif in 4EBP1 resulted in dephosphorylation of 4EBP1 on its rapamycinsensitive as well as insensitive sites. These observations suggest that other Raptor-associated kinases, rather than mTOR, are responsible for phosphorylation on rapamycin-insensitive sites of 4EBP1 (22) .
G␤L (mLst8), a counterpart of Lst8p in yeast, is another essential component of the functional mTORC1 (39, 154, 262) . Sabatini and colleagues first identified mLst8/G␤L as an important binding protein of mTOR (136) . G␤L interacts with mTOR within the kinase domain, and G␤L mutants with reduced binding affinity to mTOR show decreased ability to activate mTOR. Unlike the Raptor-mTOR complex, the mTOR-G␤L complex is not sensitive to nonionic-detergent conditions. Knock down of G␤L expression using siRNA inhibits the phosphorylation of S6K in response to amino acids and serum. G␤L knock down also results in a decrease in cell size, a phenotype similar to that associated with knock down of either mTOR or Raptor. Consistent with this finding, G␤L-depleted conditions prevented mTOR-mediated activation of S6K. These observations led to the conclusion that G␤L, like Raptor, positively regulates mTOR function and is critical for targeting the mTOR to its substrates. However, in contrast to Raptor, G␤L does not directly interact with mTOR substrates or regulate the mTOR protein level (136) .
The obvious question that arises from these observations is that of how G␤L affects mTOR activity. Some evidence suggests that G␤L is required for formation of the Raptor-mTOR complex. For instance, knock down of G␤L decreased the association between mTOR and Raptor (136) . In contrast, overexpression of G␤L stabilizes the interaction between coexpressed mTOR and Raptor and enhances mTOR kinase activity (136) . Furthermore, G␤L is postulated to mediate cellular signals, such as that from nutrients, to modulate the formation of the mTOR and Raptor complex (136) . The dissociation of overexpressed mTOR and Raptor by leucine can be observed only when G␤L is expressed in sufficient quantities. A rapamycin-induced decrease in the interaction between overexpressed mTOR and Raptor is also dependent on G␤L expression levels. In view of the model proposed by Kim and colleagues, where Raptor enhances mTOR activity under lowbinding-affinity conditions and inhibits mTOR activity under a high-binding-affinity conditions, caution must be exercised in interpreting the role of G␤L and one must acknowledge the possibility that the regulation of the Raptor-mTOR complex by G␤L could be far more complex than what it appears to be. Nevertheless, evidence is rapidly accumulating to strongly sup- (128, 208) . Like yeast TORC2, the Rictor-mTOR complex does not possess Raptor and therefore is referred to as mammalian TORC2 (mTORC2) (Fig. 1) . The studies demonstrate that the Rictor-mTOR complex plays an important role in the regulation of cytoskeleton organization in mammalian cells. Similar to the yeast TORC2, mTORC2 seems to function upstream of Rho GTPases and protein kinase C␣ (PKC␣) to control cytoskeleton organization, although the precise mechanism of how mTORC2 regulates those effectors has not been determined (154, 208) . Sabatini and coworkers have confirmed that the association between Rictor and mTOR is resistant to rapamycin under phosphate-rich conditions (208) . Given the crucial role of Rictor in organizing the cytoskeleton, this may explain the previous observation that in yeast, rapamycin fails to disrupt TORC2 regulation of cytoskeleton. Taken together, these studies have shown that mTOR binds either Raptor or Rictor to form two distinct structural and functional complexes, mTORC1 and mTORC2, respectively, which are conserved between yeast and mammals.
FUNCTIONS AND EFFECTORS OF TOR

Downstream Effectors
Identification of the targets of TOR is critical for obtaining a complete picture of the cellular responses mediated by TOR. This process has been facilitated by studying rapamycin-induced cellular responses. Several downstream targets of mTOR have been found by this approach, including insulin receptor substrate 1 (IRS-1) (101, 102, 238) , glycogen synthase (11, 228) , cytoplasmic linker protein 170 (CLIP-170) (44, 45), eukaryotic elongation factor 2 (eEF2) kinase (200) , hypoxiainducible factor 1␣ (117, 247) , p27 and p21 cyclin-dependent kinase inhibitors (116, 119) , retinoblastoma protein (252), eukaryotic initiation factor 4E-binding protein (4EBP1) (86, 152) , ribosomal S6 kinase 1 (S6K-1) (48, 197) , STAT3 (274), Lipin (118), PKC␣, ␦, and ε (183, 208) , and protein phosphatase 2A (PP2A) (17, 190) (Table 1) . However, many of the proteins are likely indirect downstream targets of the mTOR signaling pathway, with only a few convincingly demonstrated as direct targets of TOR.
TOR in Regulation of PP2A
In both yeast and mammalian cells, TOR regulates PP2A (213) . PP2A is a multimetric serine/threonine phosphatase that is highly conserved from budding yeast to humans. It is involved in a variety of cellular functions such as cellular metabolism, DNA replication, transcription, translation, cell proliferation, and cell transformation (166, 266) . The PP2A holoenzyme is composed of a catalytic subunit C in complex with a scaffolding subunit A and a regulatory subunit B (82) . The regulatory subunits affect PP2A substrate specificity and localization. In yeast, Pph21p and Pph22p are the homologs of mammalian PP2A catalytic subunits and are associated with an A subunit, Tpd3p, and one of two regulatory B subunits, Cdc55p or Rts1p (130) . Sit4p is a yeast PP2A-related catalytic subunit that associates with one of its four regulatory proteins, Sit4p-associated proteins: Sap4p, Sap155p, Sap185p, or Sap190p. Loss of three of the SAPs, SAP155, SAP185, and SAP190, leads to a phenotype similar to that caused by SIT4 deletion, indicating that these regulatory SAPs are required for Sit4p function (156, 235) . Tap42p is a yeast PP2A-interacting protein with a molecular mass of 42 kDa, which plays a critical role in regulating the phosphatase activity of Pphs and Sit4p (266) . Genetic screens of S. cerevisiae have identified TOR as an essential regulator of the Pphs/Sit4p and Tap42p complexes (64, 130) . Under nutrient-rich conditions, phosphorylated Tap42p binds and inhibits Pph21/22p and Sit4p (15, 64) (Fig.  3 ). On nutrient starvation or in the presence of rapamycin, dephosphorylated Tap42p dissociates from Pph21/22p and/or Sit4p and relieves Tap42p inhibition on Pphs/Sit4p. Most recently, it has been shown that dephosphorylated Tap42p can also activate Pph21/22p and Sit4p (68) . The activated Pphs/ Sit4p subsequently dephosphorylates downstream effectors, such as nitrogen permease reactivator kinase (Npr1p) and GATA transcription factor Gln3p (55) (Fig. 4) . Although the details of the mechanism remain unclear, two models have been postulated to explain how TOR regulates the Tap42p-Pphs/Sit4p complex.
The first model postulates that TOR phosphorylates Tap42p and increases Tap42p binding to Sit4p and/or Pph21/22p, thereby inactivating their phosphatase activities (Fig. 3 ). This is supported by the finding that TOR phosphorylates Tap42p both in vivo and in vitro in a rapamycin-sensitive manner (130) . Interestingly, Tap42p is also subjected to Pphs/Sit4p-dependent dephosphorylation: inactivation of Pphs, through mutation of Cdc55p and Tpd3p regulatory subunits (Fig. 3 ), leads to rapamycin resistance, enhanced phosphorylation of Tap42p, and increased binding between Tap42p and Pphs/Sit4p. These data suggest that the phosphorylation status of Tap42p is determined by reciprocal regulation by both TOR and Pphs/Sit4p (130) (Fig. 3) .
Alternatively, it has been suggested that TOR indirectly controls the binding of Tap42p to Sit4p by regulating the Tap42p-interacting protein Tip41p, an inhibitor of the interaction between Tap42p and Sit4p (126) (Fig. 3) . TOR-dependent phosphorylation of Tip41p causes dissociation of Tip41p from Tap42p and consequently promotes the binding of Tap42p to Sit4p, whereas rapamycin stimulates the binding between Tip41p and Tap42p via Sit4p-dependent dephosphorylation of Tip41p, suggesting that Tip41p plays a role in the amplification of Sit4p phosphatase activity in a feedback loop under conditions where TOR is inactive (126) (Fig. 3 ). These lines of evidence suggest that TOR might regulate Tap42p both directly and indirectly to inhibit Pphs/Sit4p phosphatase activity. Although the details of TOR regulation of the Tap42p-Pphs/Sit4p complex need to be further clarified, it has been generally accepted that TOR inhibits the function of the phosphatase Pph21/22p and Sit4p via promoting the binding between Tap42p and Pphs/Sit4p (Fig. 3) .
␣4 is mammalian ortholog of yeast Tap42p that interacts with the mammalian catalytic subunit(s) of PP2A (124, 172) . Recombinant ␣4 represses PP2A activity in vitro (173) . In ␣4 knockout B cells, S6K activation induced by anti-immunoglobulin M antibody was defective, suggesting involvement of ␣4 in the mTOR-S6K pathway (172) . In addition, it has been observed that mTOR directly phosphorylates PP2A and represses its functions in vitro whereas rapamycin treatment activates PP2A activity in vivo (190) , indicating that mTOR negatively regulates PP2A through direct phosphorylation. However, it remains unclear whether mTOR regulates PP2A by affecting the association between ␣4 and PP2A, as seen in yeast, where TOR regulates the binding between Tap42p and Pphs/Sit4p. Further studies are required to elucidate the mechanisms by which mTOR regulates PP2A in mammalian cells.
Given a relatively broad spectrum of substrates targeted by PP2A, the regulation of this highly conserved phosphatase by TOR links TOR signaling to a variety of cellular activities. Indeed, in yeast most of the readouts of TOR signaling are mediated through TOR-dependent regulation of Pphs/Sit4p. TOR globally inhibits transcription of stress-responsive genes, starvation-specific genes, nitrogen discrimination pathway as- sociated genes, and retrograde target genes by sequestering several responsive transcription factors in the cytoplasm, such as Gln3p, Msn2p-Man4p (15), and Rtg1p-Rtg3p (140) (Fig. 4) . These processes are reportedly dependent on regulation of the Tap42p-Pph21-Pph22p-Sit4p system by Tor (see below). Similarly, in mammalian cells, the negative regulation of PP2A by mTOR is regarded as one of the mechanisms utilized by mTOR to maintain the phosphorylation status of several of its downstream effectors, such as S6K, 4EBP1, and PKC (183, 189, 190) .
TOR in Regulation of Protein Translation
TOR targets S6K and 4EBP to control protein translation initiation and cell size. In Drosophila, mutation of dTOR results in a dramatic effect on cell size. Drosophila cells containing nonfunctional dTOR are approximately four times smaller than wild-type cells (75, 181, 278) . Similarly, in mammalian systems, rapamycin treatment significantly reduces the size of cultured mammalian cells (73, 123) . Collectively, these results demonstrate that TOR is an important cell size regulator in both Drosophila and mammals. Moreover, an increasing amount of data has been accumulated indicating that S6K and 4EBP1, two of the most well-characterized TOR targets involved in protein translation, are key TOR pathway elements that mediate the regulation of cell size (73) .
S6K is the well-known ribosomal protein S6 kinase in mammalian cells (10, 246) . Activating the phosphorylation of S6K contributes to increased kinase activity and results in an elevated phosphorylation of ribosomal S6 polypeptide (198) . It has been reported that S6 phosphorylation selectively increases the translation of mRNA transcripts containing a tract of pyrimidine (TOP) motif. These TOP-containing mRNAs often code for ribosomal proteins and other translational regulators (168) . In this way, S6K enhances the translational capacity of cells. A significant amount of evidence indicates that S6K is a key downstream target of TOR (129, 245) . Overexpression of rapamycin-resistant mTOR activates S6K even in the presence of rapamycin (29) , whereas knock down of mTOR expression via siRNA represses the activation of S6K (135) . Furthermore, rapamycin treatment also blocks S6K activation by a variety of growth-stimulating signals (48, 197) .
TOR phosphorylation of S6K involves multiple sites. Among them, Thr389 and Ser371 are the major mTOR-targeting sites in vitro (33, 207) . Phosphorylation on these two sites by mTOR is essential for S6K activation (186) , since rapamycin was shown to inhibit phosphorylation on these sites (93) . In addition, five amino acid residues (Phe-Asp-Ile-Asp-Ile) located close to the N terminus of S6K form the TOS motif (211) . Deletion or mutation of the TOS motif significantly blocked insulin-induced activation of S6K (211) . Similarly, deletion of the N terminus of S6K rendered it insensitive to rapamycin treatment (38, 265) , suggesting that the TOS motif is critical for mTOR-mediated activation of S6K.
Importantly, S6K and 4EBP1 are two key elements of the TOR pathway that mediate regulation of cell size by TOR. Fruit flies deficient in S6K are smaller than wild-type flies and display decreased cell size (169) . Similarly, S6K1 knockout mice have a body size approximately 80% of that of their wild-type littermates (230) . This phenotype is similar to those seen in Drosophila with dTOR mutations, as well as mice treated with rapamycin (24, 108) . Furthermore, S6K overexpression rescues TOR knockout phenotypes in Drosophila (278) . These data identify S6K as a major TOR target that mediates the effects of TOR on cell size regulation.
4EBP1 is another well-characterized TOR target (79, 86, 152) . Hypophosphorylated 4EBP1 acts as a translational repressor by binding and inhibiting the eukaryotic translation initiation factor 4E (eIF4E), which recognizes the 5Ј-end cap of the majority of eukaryotic mRNAs (81, 92, 152) . Phosphorylation of 4EBP1 by mTOR results in the dissociation of 4EBP1 from eIF4E, thereby relieving the inhibitory effect of 4EBP1 on eIF4E-dependent translation initiation (151, 185) . Evidence for mTOR-mediated phosphorylation of 4EBP1 came from studies demonstrating that rapamycin reduces the phosphorylation of 4EBP1 and partially prevents its dissociation from eIF4E (19, 86, 152) . Subsequently, it was shown that overexpression of rapamycin-insensitive mTOR resulted in 4EBP1 phosphorylation even in the presence of rapamycin (32) . Several phosphorylation sites of 4EBP1 have been identified, including Thr37, Thr46, Ser65, Thr70, Ser83, Ser101, and Ser112 (70, 105, 260) . Phosphorylation of Thr70 and Ser65 is more sensitive to rapamycin treatment than is phosphorylation of Thr37 and Thr46 (80, 170) .
Besides the direct phosphorylation sites, two other motifs are important for efficient phosphorylation of 4EBP in vivo. One of these is a TOS motif located at the end of its C terminus (Phe-Glu-Met-Asp-Ile) (211) , and the other is a RAIP motif (Arg-Als-Ile-Pro) generated by caspase cleavage of the Asp24-Gly-25 bond in 4EBP1 (244) . 4EBP1 also plays a role as a cell size regulator. Overexpression of 4EBP carrying a TOS motif mutation results in a decreased size of mammalian cells (73) . Thus, mTOR-dependent phosphorylation of both S6K and 4EBP might represent one of the underlying mechanisms by which mTOR positively regulates cell growth and especially cell size in mammalian cells.
In yeast, loss of TOR function also results in a rapid and strong inhibition of translation initiation (14) . In contrast to mammalian cells, a rapamycin-sensitive S6K homolog has yet to be found (6, 131) , nor have yeast ribosomal protein mRNAs containing a 5Ј-TOP sequence been found (131) . Moreover, the phosphorylation of S6 protein does not correlate with yeast cell growth (131) . These observations indicate that mTOR-S6K-dependent translation control is unique in metazoans and that yeast TOR might use distinct mechanisms to control protein translation. One of the postulated mechanisms involves TOR-dependent phosphorylation of eIF4E. First, genetic studies demonstrate that eIF4E (Cdc33p) and TOR mutants have remarkably similar phenotypes (14, 58) , indicating that eIF4E plays an important role in mediating the effects of yeast TOR. Second, biochemical analysis indicates that TOR maintains the eIF4E-eIF4G complex by both stabilizing eIF4G, the scaffolding component in the eIF4F complex, and recruiting other critical initiation factors such as eIF4A and eIF3 (21) into the initiation complex. Finally, Eap1p protein has recently been identified as interacting with eIF4E in S. cerevisiae (51) . Eap1p contains a canonical eIF4E-binding motif and inhibits capdependent translation. Eap1p competes with eIF4G for binding to eIF4E in vivo, suggesting that Eap1p plays a role similar to that of mammalian 4EBP1. Targeted disruption of the EAP1 (51) . Therefore, the yeast eIF4E system might be the major player that mediates TOR regulation of translational machinery in yeast. TOR regulates ribosome biogenesis. Ribosome biogenesis is an energy-and nutrient-consuming process, which involves more than 100 genes and all three RNA polymerases (pol) (I, II, and III) (261) . To regulate cell growth and proliferation on the basis of cellular energy levels, nutrient availability, and metabolic status, cells must tightly control the production and abundance of the ribosomes. In both yeast and mammals, TOR regulates ribosome biogenesis at multiple levels, including transcription, rRNA processing, and translation. Inhibition of the TOR pathway with rapamycin or by nutrient starvation results in a downregulation of transcription of ribosomal protein mRNAs (pol II dependent) (35, 99, 196) , tRNA, and rRNA (pol I and pol III dependent) (196, 276) . Several mechanisms have been proposed to explain how TOR regulates ribosome biogenesis.
One mechanism by which mTOR regulates ribosome biogenesis and translation involves the action of S6K and S6 (also see the previous section). As described above, phosphorylation of S6 selectively enhances the translation of mRNA transcripts that contains a 5Ј-TOP sequence in their 5Ј untranslated region (5Ј-UTR) (168) . Many mRNA transcripts encoding ribosomal proteins and translational regulators contain TOP sequence in their 5Ј-UTR. Therefore, phosphorylation of S6 may increase the global translation capacity of a cell. However, this model is perhaps oversimplified. Recent studies have indicated that S6K activity does not exactly correlate with increased translation of 5Ј-TOP-containing mRNAs (231, 234, 239) . In addition, it was reported that S6 phosphorylation and translation of 5Ј-TOPcontaining mRNAs are still responsive to mitogens in a rapamycin-dependent fashion in S6K-1 S6K-2 double-knockout murine cells (187) . These studies indicate that S6K may not be the sole mediator of transmission of TOR signaling to S6 protein.
rDNA is DNA that specifically codes for components of the ribosome, and TOR is a conserved regulator of rDNA transcription. Nutrient starvation and rapamycin treatment rapidly inhibit rDNA transcription in both yeast and mammalian cells (146, 159, 196, 276 ). Zheng's group recently reported that TOR regulates the structure of the nucleolus, the region of the nucleus where rDNA transcription and ribosome assembly occurs (248). During nutrient starvation or rapamycin treatment, both RPD3 and SIN3, members of the histone deacetylase family, bound rDNA chromatin, resulting in histone H4 deacetylation, rDNA chromatin condensation, and nucleolar size reduction. These authors also found that this chain of events further leads to the delocalization of RNA pol I, the polymerase used for rDNA transcription, from the nucleolus and subsequently results in rDNA transcriptional inhibition. These observations indicate that TOR regulates rDNA transcription through multiple chromatin-dependent mechanisms to control ribosome biogenesis (248) . In addition to these observations, Grummt's group has shown that the activity of TIF-IA, an essential initiation factor associated with the initiation-competent form of pol I, is also regulated in a mTORdependent manner (165) . Rapamycin inhibits TIF-IA activity by decreasing Ser44 phosphorylation and increasing Ser199 phosphorylation on TIF-IA. The phosphorylation of Ser44 and Ser199 is mediated by both mTOR-dependent kinases including S6K as well as phosphatase PP2A activity. Furthermore, inactivation of TIF-IA by rapamycin causes a dissociation of TIF-IA from the pol I complex and leads to translocation of TIF-IA into the cytoplasm, thereby suppressing pol I complex activity. Another mechanism, proposed by Hannan's group, is that mTOR activates 45S ribosomal transcription by activating nucleolar transcription upstream binding factor (UBF) (94) . mTOR-dependent activation of UBF goes through S6 kinase activation. Although S6K failed to phosphorylate UBF as well as TIF-IA in vitro, phosphorylated UBF binds to SL-1 (basal rDNA transcription factor) and stimulates rDNA transcription to enhance ribosomal biogenesis (94) . Thus, mTOR activates pol I-dependent rDNA transcription by multiple mechanisms.
It has been reported that TOR also regulates ribosome biogenesis by modulating rRNA processing, including processing of the 35S precursor rRNA (5, 196) . Rapamycin destabilized these mRNAs in wild-type yeast cells but failed to destabilize them in rapamycin-resistant Tor1p-containing yeast, indicating that TOR not only stimulates transcription but also enhances mRNA stability to increase ribosomal biogenesis. Interestingly, the effect of rapamycin on mRNA stability is not limited to ribosomal mRNAs. Indeed, rapamycin treatment of mammalian cells destabilizes the interleukin-3 and cyclin D1 mRNAs (13, 103) .
How does TOR regulate such a variety of processes to control ribosome biogenesis? It has been proposed that TOR regulation of the Tap42p-Pphs-Sit4p system in yeast is critical in these processes. A mutation in TAP42 inhibits polyribosome formation, suggesting that TAP42 functions upstream of translation initiation (64) . Moreover, TPD3 (A subunit of PP2A) and SIT4 function upstream of RNA pol III and pol II, respectively (258) . From these observations, Powers and Walter have proposed that the Tap42p-Pphs-Sit4p system plays a major role in mediating TOR signaling to control ribosomal biogenesis (196) .
TOR in Regulation of Localization of Transcription Factors
On nutrient starvation, yeast cells become stationary, a phenotype featured by a global reduction of protein synthesis and an altered gene expression pattern. While a few pol II-transcribed genes that are required for adapting to the "low-nutrient crisis conditions" are turned on, RNA pol I-, II-, and III-associated gene transcription is down-regulated. When nutrients are abundant, TOR inhibits starvation-specific gene expression by sequestering several nutrient-responsive transcription factors within the cytoplasm (15, 35, 99) (Fig. 4) . For instance, GLN3 is a GATA family transcription factor responsible for expression of nitrogen discrimination pathway genes that promote the utilization of less-favorable nitrogen sources when nutrients are limited (15) . Under nutrient-rich conditions, Gln3p is retained in the cytoplasm by binding with Ure2p, a cytoplasmic retention protein that is phosphorylated by TOR (35, 99) (Fig. 4) . Rapamycin-induced dephosphorylation of Ure2p disrupts its interaction with Gln3p and results in subsequent nuclear translocation of Gln3p (Fig. 4) . Therefore, TOR inhibits the transcription activity of Gln3p by cytoplasmic sequestration of this transcription factor.
TOR also inhibits the transcription of stress-responsive genes by sequestering the general stress transcription factors Msn2p and Msn4p (Zn 2ϩ transcription factor) in the cytoplasm (15) . TOR sequesters Msn2p and Msn4p possibly by promoting their association with the cytoplasmic 14-3-3 proteins Bmh1p and Bmh2p (Fig. 4) . Another example comes from the fact that TOR negatively regulates the heterodimeric basic helix-loop-helix/Zip transcription factors Rtg1p and Rtg3p (53, 140) . RTG1 and RTG3 regulate the expression of tricarboxylic acid and glyoxylate cycle genes that are involved primarily in ␣-ketoglutarate synthesis used for generating several amino acids, such as glutamine and glutamate. The mechanism by which TOR inhibits Rtg1p-Rtg3p is unknown, but epistasis analysis indicates that this inhibition might occur through Rtg2p and Mks1p (65, 221, 224) . TOR seems to antagonize Rtg2p, which is a negative regulator of Mks1p (65), and Mks1p inhibits Rtg1p-Rtg3p (65, 221) . It has also been reported that 14-3-3 proteins induce Rtg3p to adopt an inactive configuration (254) (Fig. 4) . Since Gln3p and Rtg1p-Rtg3p respond to intracellular levels of glutamine, the TOR pathway appears to sense glutamine, among other unknown nutrient compounds, to regulate cellular nutrient status by modulating metabolism and transporters (53) . Taken together, these studies indicate that TOR regulates the intracellular localization of transcription factors to regulate gene transcription.
Another mechanism used by that TOR to regulate transcription involves regulating RNA polymerase. Krek's group purified a 1-MDa protein complex from mammalian cells (91) , which includes a member of the prefoldin (PFD) family, termed URI (for "unconventional prefolding RPB5 interactor") and Rpb5, a subunit shared by RNA pol I, II, and III (269) . Sequence comparison indicates that URI is an evolutionarily conserved protein (269) . Yeast genetics indicate that the majority of the genes whose expression is affected by loss of URI overlap with those genes that have been identified previously to be affected by amino acid starvation or rapamycin treatment (91) . Interestingly, biochemical analyses of mammalian cells show that URI phosphorylation is regulated by mTOR, suggesting that TOR regulates nutrient-dependent transcription at least partially through URI phosphorylation and that this mechanism might be conserved from yeast to humans (91) .
In mammalian cells, mTOR is also involved in mitogeninduced transcription regulation. For example, it phosphorylates and activates the transcriptional activator STAT3 on Ser727 (274) . It has been reported that Ser727 phosphorylation contributes to STAT3 activity (264) . Interestingly, primary sequence analysis shows that STAT3 has both a TOS motif (FDMEL) and a RAIP motif (RAIL). Thus, like S6K and 4EBP1, STAT3 appears to be recruited by Raptor to be phosphorylated by mTOR.
Effect of TOR on Cellular Nutrient Levels by Controlling Both Autophagy and Amino Acid Transporters
Autophagy is a catabolic membrane-trafficking phenomenon observed in yeast and mammalian cells (2, 138) . Nutrient starvation and serum deprivation induce autophagy, which is defined as the hydrolysis of cytoplasmic contents to generate nutrients for cellular adaptation under nutrient starvation conditions. The observation that rapamycin treatment also induces autophagy indicates the involvement of TOR in the process (177) . In both yeast and mammalian cells, TOR inhibits autophagy. APG1 is reportedly an essential kinase gene required for autophagy and is negatively regulated by TOR in yeast (164) . Under nutrient-poor conditions or after rapamycin treatment, Apg1p forms a complex with Apg13p and turns on autophagy. Under nutrient-rich conditions, TOR enhances Apg13p phosphorylation and prevents its association with Apg1p, thereby inhibiting the autophagy (23, 132, 229) .
It has been reported that inhibition of autophagy by mTOR is implicated in the pathogenesis of neurodegenerative disorders such as Huntington's disease (199) . Treatment with the rapamycin ester CCI-779 enhanced the clearance of aggregates of the mutant Huntingtin protein in the brain and attenuated pathological symptoms in a mouse model of Huntington's disease.
It is well known that TOR activity is largely regulated by the intracellular amino acid concentration. Interestingly, TOR also regulates intracellular amino acid levels by modulating the activities of amino acid permeases. It has been reported that TOR regulates two types of amino acid permeases. One type is the general amino acid permease (GAP1), and the other includes those that are specific for single amino acids, such as the histidine permease HIP1 and tryptophan permease TAT2 (16, 214) . Interestingly, TOR exerts opposite effects on HIP1, TAT2, and the general permease GAP1 in response to nutrient availability. For example, under nutrient-poor conditions, TOR inhibits Tat2p by enhancing its ubiquitination and consequent degradation (16, 214) . In contrast, under the same conditions, TOR activates Gap1p by preventing its ubiquitination. Both effects of TOR are mediated by the same Ser/Thr nitrogen permease reactivator kinase, Npr1p (61, 87, 88, 253) . It has been reported that Npr1p is a phosphoprotein and that its phosphorylation is controlled by TOR. Under nutrient-rich conditions, TOR maintains Npr1p phosphorylation, thereby inhibiting it and leading to Gap1p degradation. On the other hand, under nutrient-poor conditions, Npr1p is dephosphorylated and activated, thereby resulting in an activation of the general amino acids permease Gap1p. Therefore, regulation of Npr1p by TOR provides a molecular mechanism by which TOR regulates amino acid transport. It has been reported that the activation of Npr1p kinase is also mediated by Sit4p-Pphs phosphatase activity (126) .
REGULATION OF TOR TOR and Growth Factors
Mammalian cell growth is regulated by both growth factors and the availability of nutrients. mTOR is involved in both growth factor and nutrient signaling in mammalian cells. One of the important signaling pathways that controls cell growth is the PI3K pathway (141, 180) . Many growth factors, including insulin, activate PI3K, which phosphorylates phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ] at the 3Ј position to generate PtdIns(3,4,5)P 3 (27) . The 3-phosphoinositide-dependent protein kinase 1 (PDK1) and PKB (also known as Akt) bind (48, 151, 197) . The phosphorylation of S6K and 4EBP1 could be inhibited by either a low concentration of wortmannin, a specific inhibitor of PI3K, or rapamycin. These studies strongly suggest that both the mTOR pathway and PI3K signaling are involved in the regulation of the phosphorylation of S6K and 4EBP1. The question that naturally arises from these observations is whether TOR functions downstream of insulin-PI3K-Akt or whether it represents a parallel pathway that impinges on S6K and 4EBP1. Treatment with rapamycin does not interfere with any steps between binding of insulin to its receptor and activation of PI3K-Akt (85), suggesting that PI3K-Akt is upstream of or parallel to mTOR. The sequence around Ser2448 of mTOR matches the consensus Akt phosphorylation site, making mTOR an attractive target for Akt phosphorylation. Insulin stimulation or Akt overexpression in cells enhances the Ser2448 phosphorylation of mTOR in vivo (174, 220) . In addition, the purified active Akt directly phosphorylates mTOR in vitro (222) , suggesting that mTOR acts downstream of PI3K. Furthermore, increased phosphorylation of Ser2448 on mTOR in response to PI3K-Akt correlates with enhancement of S6K and 4EBP1 phosphorylation (202) , suggesting that PI3K-Aktinduced Ser2448 phosphorylation of mTOR is important for its kinase activity toward S6K and 4EBP1 in vivo. Consistent with this observation, the phosphorylation of Ser2448 of mTOR is also controlled by amino acid availability and the intracellular ATP levels (123, 174) . However, it has also been reported that phosphorylation of Ser2448 in mTOR may not be required for mTOR kinase activity (222) . Furthermore, the phosphorylation of Ser2448 on mTOR by PI3K-Akt activation represents only one of the mechanisms by which growth factors such as insulin stimulate S6K and 4EBP1. However, it is also possible that PI3K-Akt can regulate S6K independently of the mTOR pathway. S6K mutants with deletion of the TOS motif and/or N-and C-terminal regions become resistant to rapamycin treatment yet remain responsive to both insulin and the PI3K inhibitor (85, 211) . Thus, the PI3K pathway can regulate S6K in both an mTOR-dependent and -independent manner. Since TOR controls cell growth in both yeast and plants, which lack an equivalent PI3K signaling pathway, the PI3K pathway may have been added to the TOR pathway later in evolution.
TOR and Nutrients
In yeast, the TOR pathway can be activated by both nitrogen and carbon sources (19, 53, 144) . Although the exact nature of this regulation remains unclear, Hall and colleagues found that the amino acid glutamine is particularly important as a nitrogen source to regulate TOR signaling (53) . In mammalian cells, amino acid deprivation causes rapid dephosphorylation of both 4EBP1 and S6K (96, 259, 270) whereas amino acid supplementation stimulates 4E-BP1 and S6K phosphorylation. Rapamycin abrogates these responses, suggesting that mTOR may also be involved in amino acid signaling in mammalian cells. Glucose is another nutrient source that stimulates 4EBP1 and S6K phosphorylation in an mTOR-dependent manner (137, 184) . However, whether glucose itself, glucose metabolites, or glucose-derived products directly stimulate mTOR remains unclear. In addition to affecting protein synthesis, both amino acids and glucose regulate gene transcription. A recent transcriptional profiling of mammalian cells has revealed that rapamycin treatment mimics glutamine or leucine starvation more than it mimics glucose starvation (188) . Moreover, Dennis et al. have observed that depletion of ATP levels by the glucose analog 2-deoxyglucose or by the mitochondrial uncoupler rotenone inhibited S6K and 4EBP phosphorylation in an mTOR-dependent manner even in the presence of amino acids (62) . They also found that in vitro, mTOR has a K m for ATP of around 1 mM, which is significantly higher than the K m for most kinases. These observations led them to propose that mTOR is an ATP sensor under physiological conditions to regulate translation initiation. However, the intracellular ATP concentration is normally higher than the K m of mTOR, implying that a drastic change of ATP levels within the cells is necessary for altering mTOR kinase activity.
The question that logically arises from these observations is whether mTOR is the primary physiological ATP sensor in vivo. For instance, several groups recently have shown that 5Ј-AMP-activated protein kinase (AMPK), a kinase that is activated by a high AMP/ATP ratio in response to ATP depletion, also modulates S6K activity in an mTOR-dependent manner (25, 137, 142) . AMPK is thought to be a much more sensitive ATP sensor than mTOR because the intracellular AMP concentration is much lower than that of ATP (98) . Thus, a small change in ATP levels could greatly increase the AMP/ATP ratio, suggesting that AMPK may function as a primary physiological sensor of the intracellular energy level to inhibit the mTOR signaling pathway. In summary, TOR may serve as a highly conserved signaling nexus for a variety of nutrient signals.
How does TOR transmit nutrient signals? Although the details remain mysterious, a few studies suggest possible mechanisms involved. For example, it has been reported that TOR controls the expression of nutrient-regulated genes by modulating the subcellular localization of several nutrient-responsive transcription factors in the cytoplasm, including Gln3p, Gat1p, Rtg1p, Rtg3p, and Msn2p-Msn4p (Fig. 4) . Interestingly, glutamine starvation activates only Gln3p and Rtg1p-Rtg3p but not Gat1p and Msn2p-Msn4p, suggesting that nutrient sources other that glutamine target TOR to regulate nutrient-responsive transcription factors such as Gat1p and Msn2p-Msn4p (53) . These lines of evidence suggest that different nutrient signals may impinge on TOR to control distinct transcription factors. In addition, it has been reported that TOR affects its downstream kinases to transmit nutrient signals.
One of these kinases is GCN2 (42) . In yeast, the Gcn2p kinase senses intracellular amino acid availability through a tRNA-binding domain that exhibits similarity to histidyl-tRNA synthetase (263) . On amino acid limitation, the levels of uncharged tRNA increase significantly, resulting in an increase in binding to the Gcn2p kinase. The binding of uncharged tRNA activates Gcn2p kinase, which consequently phosphorylates and activates Gcn4p, a transcriptional activator responsible for the induction of several genes involved in amino acid biosyn- 88 INOKI ET AL. MICROBIOL. MOL. BIOL. REV.
thesis, thus leading to increased synthesis of amino acids (109, 110) . Recently, it was reported that rapamycin treatment reduced Ser577 phosphorylation of Gcn2p through the phosphatase complex Tap42p-Sit4p, thus activating Gcn2p kinase and ultimately leading to inhibition of translation initiation. This inhibition of translation is mediated through phosphorylation of Ser51 on elF2␣ by Gcn2p (42) . Activation of Gcn2p by dephosphorylation of Ser577 also requires the binding of uncharged tRNA to the C-terminal histidyl-tRNA synthetaserelated domain of Gcn2p. These data suggest that both TOR activity and amino acid signaling impinge on Gcn2p kinase to influence protein synthesis in yeast cells. The Gcn2p protein is conserved in mammals (20, 134, 232) . Hence, it would be interesting to determine whether the same regulatory mechanism is also conserved in mammals.
TSC1 and TSC2 as Negative Regulators of mTOR Functions
The recent identification of the TSC1-TSC2 complex and its function significantly advances the understanding of how TOR cooperatively receives signals from both nutrient and growth factor pathways. Tuberous sclerosis is a relatively common autosomal dominant disorder, occurring in approximately 1 in 6,000 to 10,000 of the population and characterized by the development of benign tumors called hamartomas in a variety of organs. Common clinical symptoms include seizures, mental retardation, autism, kidney failure, facial angiofibromas, and cardial rhabdomyomas (83) . Two independent genes are responsible for TSC disease. TSC1 encodes a 130-kDa protein, also known as hamartin, with several coiled-coil domains but no obvious catalytic domains (256) (Fig. 5) . TSC2 encodes a 200-kDa protein, also known as tuberin, with a coiled-coil domain and a C-terminal region with homology to the Rap GTPase-activating protein (GAP) (69a) (Fig. 5) .
TSC1 and TSC2 form a physical and functional complex that is most stable as a heterodimer (175, 191, 257) . Homozygous inactivation of either TSC1 or TSC2 in mice is lethal to embryos, while heterozygous animals are tumor prone (9, 139, 182) , indicating that both TSC1 and TSC2 function as tumor suppressors. In Drosophila, inactivation of either dTSC1 or dTSC2 increases cell size and cell proliferation while overexpression of both dTSC1 and dTSC2 together decrease cell size, supporting the fact that TSC1 and TSC2 form a functional complex to regulate cell growth (74, 193, 240) . Biochemical studies demonstrated that the TOR pathway is highly activated in either TSC1 or TSC2 mutant cells (84, 145) . Furthermore, the high-level phosphorylation of S6K and 4EBP1 can be effectively inhibited by rapamycin (133) . Overexpression of TSC1 and TSC2 suppress both S6K and 4EBP1 phosphorylation, and transient knock down of TSC2 by RNAi enhances S6K phosphorylation (122, 242) . These results provide strong evidence that TSC1-TSC2 negatively regulates TOR activity. Furthermore, a rapamycin-resistant S6K mutant is also resistant to inhibition by overexpression of TSC1-TSC2, further supporting a role for TSC1-TSC2 in TOR regulation (122, 242) .
TSC2 in growth factor signaling: effects of Akt. It is thought that activation of mTOR requires integration of signals from at least four different sources including PI3K activation, amino acids, and adequate intracellular ATP levels, as well as lipids, especially phosphatidic acid (PA) (40) . Lack of any one of these inputs inhibits the ability of mTOR to fully phosphorylate and activate S6K. However, none of these signals, except PA, has been found to directly target TOR. Therefore, an important question in the field is that of which molecules function between the upstream signals and TOR and how different signaling pathways are integrated at TOR. Recent genetic analyses using Drosophila have indicated that dTSC1 and dTSC2 act downstream of the insulin/insulinlike growth factor receptor in the control of cell growth (74, 195, 240) . The functional position of the TSC complex is between dAkt and dTOR (75) . Biochemical studies by several groups have shown that Akt directly phosphorylates TSC2 and inhibits its function (57, 122, 161, 194) (Fig. 6) . Several mechanisms of TSC2 inactivation by Akt phosphorylation have been proposed, including (i) mislocalization of TSC2, (ii) dissociation between TSC2 and TSC1, and (iii) degradation of TSC2 mediated by ubiquitination (18, 122, 194) . Knock down of TSC2 by RNAi causes an enhancement of S6K phosphorylation and activity, while overexpression of TSC1 and TSC2 inhibits S6K phosphorylation and activity in both Drosophila and mammalian cells (75, 122, 194, 242) . Taken together, a favored model of how insulin activates TOR signaling is that Akt phosphorylates TSC2 and relieves TSC2 inhibition of TOR signaling. Interestingly, it has been reported that loss of the PTEN phosphatase, a negative regulator of the Akt pathway, is associated with Cowden's disease and the Bannayan-Riley-Ruvalcaba syndrome, two dominantly inherited hamartoma syndromes (150, 162) . In PTEN Ϫ/Ϫ cells, the Akt-dependent phosphorylation of Ser939 and T1462 on TSC2 is constitutive (161) . Furthermore, both S6K and 4EBP1 phosphorylations are highly enhanced in PTEN Ϫ/Ϫ cells (176) . Thus, it is appealing to propose that one of the mechanisms underlying these PTEN-related hamartomas is due to inactivation of TSC2 function. However, a recent study by Dong and Pan challenges the current model in which TSC2 functions as a downstream target of Akt and mediates Akt effects on mTOR (66) . Using a transgenic strategy in flies, FIG. 5 . Structural domains and phosphorylation sites of TSC1 and TSC2. TSC1 (hamartin) has transmembrane and coiled-coil domains at the N-and C-terminal regions, respectively. Thr447, Ser584, and Thr1047 are cdc2-dependent phosphorylation sites, and these phosphorylations negatively regulate TSC1-TSC2 complex activity (8) . TSC2 (tuberin) consists of a leucine zipper domain, two coiled-coils domains, and a Rheb-GAP domain. It has been reported that the N-terminal coiled-coil domain is critical for its association with TSC1. Ser939, Ser1130, Ser1132, and Thr1462 are Akt-dependent phosphorylation sites (57, 122, 161, 194) , and Ser1254 is a MAPKAP-K2 phophorylation site (149) . Phosphorylation of TSC2 by Akt and MAP-KAP-K2 inactivates TSC1-TSC2 complex activity. Thr1271 and Ser1387 are sites of phosphorylation by AMPK, and AMPK phosphorylation activates the TSC1-TSC2 complex (123) .
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on August 27, 2017 by guest http://mmbr.asm.org/ Dong and Pan demonstrated that mutation of the Akt phosphorylation sites did not significantly inhibit the biological activity of dTSC2 supporting fly development, indicating that dTSC2 is not the major target of dAkt during normal Drosophila development (66) . Whether this conclusion is applicable to the mammalian system remains to be determined. TSC2 activity is also regulated by the PKC and mitogenactivated protein kinase (MAPK) pathways (241) . Blenis and collegues have recently reported that phorbol 12-myristate 13-acetate (PMA)-and epidermal growth factor-induced activation of the mTOR pathway are also suppressed by TSC1 and TSC2 overexpression (241) . They have shown that activation of the PKC-MAPK pathway also leads to phosphorylation of TSC2 at multiple sites. Interestingly, the Akt phosphorylation sites of TSC2 (S939 and T1462) are also enhanced by PMA without affecting Akt activity itself. These studies suggest that PMA-dependent kinase may phosphorylate Akt phosphorylation sites on TSC2 and inhibit TSC2 activity. Subsequently, the same group has demonstrated that one of the Akt phosphorylation sites is also phosphorylated by RSK1 (57, 204) . They have also shown that PA-induced S6K activation is inhibited by overexpressed TSC1 and TSC2 (241) . Although PA is thought to activate mTOR via direct binding (71) , it will be interesting to test whether it affects TSC1-TSC2 activity. Taken together, these studies demonstrate that pathways from multiple growth factors integrate on TSC2 to regulate the mTOR activity.
TSC2 in nutrient-sensing pathways: effects of amino acids. It is widely accepted that TOR is in a pathway linking intracellular amino acid levels to the regulation of cell growth control. Recent studies have revealed that TSC1-TSC2 may mediate amino acid signals to regulate TOR function. It was recently reported that amino acid depletion causes TSC2 phosphorylation in vivo and may contributes to TSC2 activation (123) . Amino acid-induced S6K and 4EBP1 phosphorylation is inhibited by overexpressed TSC1 and TSC2 (122, 242) . More importantly, loss of TSC1 or TSC2 confers cellular resistance to S6K dephosphorylation induced by amino acid depletion in Drosophila and in mammalian cells (75) . Further studies are required to elucidate detailed mechanisms by which TSC1- FIG. 6 . TOR functions as a multiple-channel sensor for a variety of upstream signals. Multiple signaling cascades impinge on the TSC1-TSC2 complex-Rheb-mTOR complex to regulate translational machinery. LKB1 complex consists of LKB1 kinase, STRAD, and Mo25. STRAD and Mo25 (12, 26) are required for full activation of LKB1 kinase and are important for cytosolic localization of LKB1. It has been reported that LKB1 complex activates not only AMPK but also another 12 AMPK-related kinases (153) . Whether these AMPK members participate in the regulation of translation machinery has not yet been determined. Protein X represents a putative amino acid-sensing molecule.
TSC2 mediates amino acid signals, including identifying the kinases and/or phosphatases that are responsible for TSC2 phosphorylation in response to amino acid signaling. TSC2 in energy-sensing pathways: effects of AMPK. Intracellular energy (ATP) is one of the most important inputs regulating mTOR activity (62) . Protein synthesis consumes approximately 20% of intracellular ATP (219) . ATP depletion by 2-deoxyglucose (D-glucose analog) drastically inhibits S6K and 4EBP1 phosphorylation in cells without affecting PI3K activation and intracellular amino acid concentrations (62) . Although mTOR has been proposed to be a cellular energy sensor, it has been suggested that the K m of mTOR for ATP is still considerably lower than normal cellular ATP levels and that therefore a drastic decrease in ATP would be required to affect the activity of mTOR (198) . On the other hand, it has been reported recently that the 5ЈAMP-activated protein kinase (AMPK), an intracellular energy sensor, inhibits translation in response to changes in the intracellular ATP/AMP ratio (97, 98) . AMPK plays a pivotal role in maintaining energy homeostasis and regulating cell growth and viability under energy deprivation conditions. Mutation of the ␥2 subunit of AMPK is responsible for familial cardiac hypertrophy (59) . It has been shown that AMPK-induced inhibition of S6K seems to be mTOR dependent, because mutant S6K lacking a TOS motif is resistant to both active AMPK overexpression and AICAR (an AMPK stimulator) treatment (137) .
Our laboratory has investigated whether TSC1-TSC2 involved in the cellular energy response and has found that AMPK activates TSC2 by direct phosphorylation (123) . AMPK phosphorylates multiple serine and threonine sites on TSC2 and inhibits the mTOR pathway. Direct phosphorylation sites by AMPK mainly involve T1271 and S1387 (residue numbers are for the human TSC2 long variant) on TSC2. ATP depletion-induced S6K dephosphorylation is compromised in TSC2-deficient cells or cells treated with TSC2 siRNA. More importantly, the phosphorylation of TSC2 by AMPK has critical roles in intracellular energy-dependent control of cell size and viability. For instance, reduced cellular energy levels by glucose starvation results in smaller TSC2 wild-type cells but not smaller TSC2-deficient cells. Furthermore, TCS2
Ϫ/Ϫ cells expressing a TSC2 mutant that is unable to be phosphorylated by AMPK fails to fully restore the cellular energy response. Moreover, under energy depletion conditions, TSC2-expressing cells survive longer than both TSC2-deficient cells and mutant TSC2-expressing cells, indicating that AMPK phosphorylation of TSC2 plays a pivotal role not only in cell size regulation but also in cell viability under the energy limitation conditions. However, TSC2-deficient cells and mutant TSC2-expressing cells can survive energy starvation in the presence of rapamycin. Thus, loss of TSC1-TSC2 results in uncontrolled mTOR activity, which may cause inappropriate translation initiation even though the environmental energy supply is not sufficient. However, in these cells, AMPK could block translation elongation via eEF2 kinase phosphorylation in response to energy starvation (30, 113) . Therefore, such a disruption in the coordination between translation initiation and elongation under energy starvation conditions might induce apoptosis. Alternatively, it is also plausible that energy starvation-induced apoptosis in TSC2
Ϫ/Ϫ cells may be due to the lack of an autophagy response. It has been reported that nutrient starvation or rapamycin treatment induces autophagy in mammalian cells (23, 229) . However, it has not been studied whether TSC2 Ϫ/Ϫ cells lacks autophagy in response to various stress conditions. Taken together, these studies suggest that TSC1-TSC2 is a physiological regulators of the energy-sensing pathway upstream of mTOR. Further, they indicate that three important inputs (PI3K, amino acids, and ATP) for mTOR activation seem to be mediated by TSC1-TSC2, supporting a potential model where TSC1-TSC2 functions as a signal integration point to regulate cell growth control (Fig. 6) .
Interestingly, several groups have recently reported that LKB1 kinase, the product of the gene inactivated in PeutzJeghers syndrome, is an upstream kinase of AMPK (104, 112, 268) . Peutz-Jeghers syndrome is another dominantly inherited genetic disorder that is characterized by the formation of gastrointestinal hamartomas histologically similar to those observed in TSC patients (63) . The LKB1 kinase is required for activation of AMPK. We have recently observed that overexpressed LKB1 inhibits the phosphorylation of both S6K1 and 4EBP1, two targets of mTOR (50) . In addition, LKB1 plays an important role in inhibiting the mTOR pathway in response to energy starvation. Under energy starvation or stress conditions, LKB1 is necessary to protect cells from death triggered by these stresses (50, 226, 227) . Furthermore, LKB1 enhances TSC2 phosphorylation of T1271 and S1387, which are AMPKdependent phosphorylation sites, suggesting that TSC and Peutz-Jeghers syndrome may have a common pathomechanism, namely, dysregulation of mTOR signaling (50, 226) .
Rheb as an Upstream Activator of mTOR
Rheb is a small GTP-binding protein that was first identified by a differential screen of mRNAs induced in neurons by agents that provoke seizures. It is ubiquitously expressed in many tissues but particularly abundant in both muscles and the brain (271) . Rheb is highly conserved from yeast to mammals and has greatest homology to the Rap subfamily of small GTPases; however, close sequence analysis suggests that it occupies its own separate phylogenetic branch (250) . It has been reported that Rheb is overexpressed in several tumor cell lines (90) and that ectopic expression of Rheb can induce the transformation of mouse fibroblast (273) , indicating the involvement of Rheb in cell growth. In yeast, loss of Rheb results in a phenotype similar to those due to nitrogen starvation, suggesting that Rheb might be involved in nutrient signaling (158) . Genetic screens for genes that are involved in controlling Drosophila cell growth have also led to the identification of Rheb as an important regulator of cell growth (209, 233) . Mutation in Rheb decreased the cell size, while overexpression of Rheb increased it. Genetic epistasis analyses and biochemical studies indicate that Rheb possibly functions downstream of TSC1-TSC2 and upstream of TOR (37, 76, 121, 209, 233, 243, 279) . Loss of Rheb suppresses the cell growth and S6K phosphorylation caused by loss of TSC2. In contrast, inhibition of cell growth by loss of dTOR is not rescued by Rheb overexpression. Drosophila cells with a mutation in Rheb show a much lower phosphorylation of S6K. Using an RNA interference-based screen, Pan and colleagues also discovered an important role of Rheb in S6K phosphorylation in Drosophila S2 cells (279) . VOL. 69, 2005 SIGNALING BY TOR PROTEINS IN CELL GROWTH CONTROL 91 This screen showed that RNAi-mediated inhibition of Rheb, but not any of the other 17 GTPases examined, including Rap1, Rab5, Rac1, and cdc42, abolished S6K phosphorylation in S2 cells (279) . These data established Rheb as a positive regulator of S6K phosphorylation. Several groups showed that, in mammalian cells, Rheb potently activates S6K and 4EBP1 phosphorylation (37, 76, 121, 243) . Furthermore, Rheb-induced S6K phosphorylation was blocked by either overexpression of an mTOR kinase inactive mutant or rapamycin treatment (76, 121) . In addition, Rheb stimulates mTOR phosphorylation and cannot activate mutant S6K with a TOS motif mutation, indicating that Rheb is upstream of mTOR (121, 243) , consistent with the notion that TSC mediates signals from growth factors, amino acids, intracellular ATP levels, and possibly PA. Rheb overexpression rescued S6K dephosphorylation caused by PI3K inactivation and amino acid depletion, mild ATP depletion, and inhibition of PA production (76, 121) . These results suggest that Rheb may be a key molecule that relays upstream inputs to the regulation of mTOR. However, there are several studies that argue against this notion. For instance, if Rheb is a sensor to regulate TOR activity, upstream signals should affect Rheb GTP levels. In contrast to this prediction, Rheb GTP levels were not altered by cellular conditions known to affect mTOR activity (279) . However, most of the experiments were performed with overexpressed Rheb, which may not be regulated by cellular conditions that affect the activity of endogenous Rheb. Indeed, it was reported that insulin was found to increase GTP loading of endogenous Rheb in A14 NIH 3T3 cells (76) . Therefore, it is likely that Rheb is a key mediator for the inputs to modulate TOR activities.
TSC2 is a GAP Specific for Rheb
Genetic epistatic analyses of Drosophila have placed Rheb function downstream of dTSC1-dTSC2. Several groups performed biochemical analyses and demonstrated that, in both Drosophila and mammalian cells, Rheb is a direct target of TSC2 GAP activity. TSC2 stimulates Rheb GTP hydrolysis both in vivo and in vitro (37, 76, 121, 243, 279) . It is worth noting that most of the missense mutations identified in TSC patients occur in the GAP domain of TSC2 (9, 56) . Many TSC disease-associated TSC2 mutants are unable to stimulate Rheb GTP hydrolysis in vivo, resulting in uncontrolled Rheb activity (76, 121, 243, 279) . These data strongly imply role for uncontrolled Rheb activity in TSC. Taken together, a simplified model is that TSC1-TSC2 inhibits the TOR pathway by stimulating Rheb GTP hydrolysis through TSC2 GAP activity and that Rheb positively stimulates mTOR activity (Fig. 6 ).
CONCLUSIONS AND FUTURE DIRECTIONS
A decade after the discovery of TOR as the target of rapamycin, we now realize that TOR is a central regulator for cell growth, which integrates signaling from both growth factors and nutrients. Recent important discoveries include the finding of a negative regulator, the TSC1-TSC2 complex, and positive regulators, such as Rheb, Raptor, and mLst8. Furthermore, another emerging concept is that similar to yeast TORC2, mTOR also has rapamycin-independent functions to regulate cytoskeletal reorganization. Although these findings provide critical insight into the upstream and downstream components of the TOR signaling pathway, many gaps in our knowledge of the TOR signaling pathway remain to be filled. For example, how does TSC1-TSC2 sense upstream signals from nutrients? How does Rheb regulate TOR activity? What are other downstream substrates of TOR? Furthermore, is there any cross talk between the TSC1-TSC2-mTOR signaling pathway and other signaling pathways that are involved in oncogenesis and metabolic diseases? All these information will be important for constituting a complete picture of TSC1-TSC2-mTOR biology.
How Rheb Is Regulated
Convincing evidence has placed Rheb as downstream of nutrient signaling and upstream of mTOR. Thus, it is logical to anticipate that Rheb activity is subjected to nutrient regulation. Although several groups failed to detect any significant regulation of the GTP level of overexpressed Rheb by amino acid depletion (76, 121, 279) , these studies used overexpressed Rheb, and overexpressed Rheb may not accurately mimic the endogenous Rheb in the responsiveness to amino acid depletion. Further studies aimed at determining the regulation of endogeneous Rheb by amino acids will be required to address this question. Furthermore, establishment of TSC2 as a Rheb GAP makes it legitimate to hypothesize that the activity of Rheb is determined by the balance of the activity of its GAP (TSC2) and its yet unidentified guanine exchange factor (GEF), if any exists. Any signal such as amino acids, which regulates Rheb, should work through these two proteins. Identifying a Rheb-GEF and elucidating how TSC2 and Rheb-GEF are regulated by upstream signals will shed light on the issue of how Rheb responds to upstream signals.
Sequence analyses of Rheb and TSC2 show that Rheb and TSC2 are a unique pair of small G protein and GAP (147) . It has been reported that some of the residues in the GAP domain of TSC2 (1638K, 1643N, 1651N ; residue numbers are for the human TSC2 long variant) are critical for TSC2 GAP activity (76, 243, 279) . Interestingly, TSC2 does not carry an arginine finger, which is a crucial moiety for stabilizing the basal catalytic activity of small G proteins. Therefore, TSC2 increases the GTPase activity of Rheb by a different arginine or by a mechanism different from that employed by Ras-GAP (237) toward its substrates. Supporting this idea, recent structural and biochemical studies of Rap1GAP showed that Rap1GAP used a catalytic asparagine (N290) instead of an arginine (60) . Interestingly, the catalytic N290 on Rap1GAP is conserved in TSC2 GAP (N1643), and this asparagine mutation on TSC2 has been found in TSC and leads to loss of its GAP activity toward Rheb, suggesting that, like N290 on Rap1GAP, the N1643 on TSC2 may be a critical catalytic residue for Rheb (60) .
Given the observations that many upstream signals, including growth factors and nutrients, both regulate TSC2 phosphorylation and affect the TOR signaling pathway that is dependent on Rheb function, it would be logical to postulate that TSC2 GAP activity and TSC2 phosphorylation should be two tightly coupled events. The question that naturally arises from these observations is whether TSC2 GAP activity is directly related to its phosphorylation status. It is possible that TSC2 phosphorylation affect its stability, trafficking, or conformational change, which could indirectly relate to Rheb activity. Although our own preliminary studies using an overexpression strategy in mammalian cells failed to detect any difference of GAP activity between TSC2 wild type and TSC2 phosphorylation mutants, including mutation of Akt and certain AMPK phosphorylation sites (unpublished results). Hopefully, further studies focusing on the endogenous Rheb GTP will provide critical information about this issue.
GEFs often receive upstream signals that trigger the various small G-protein-associated signal transduction cascades (219) and constitute an important force in opposition of a GAP to determine the activity of downstream effectors (216) . It is therefore reasonable to speculate that, in the case of Rheb regulation, there might exist a Rheb-GEF and that its function, just like that of Rheb GAP (TSC2), is also regulated by signals affecting the TOR pathway, such as nutrients. However, whether Rheb is regulated by a GEF is an open question because Rheb exists in a highly GTP-bound state (120) . Furthermore, Rheb-N20, which is equivalent to Ras-N17, a dominant negative mutant of Ras able to bind and sequester Ras-GEF but defective in binding guanine nucleotides (41) , does not function as a dominant negative Rheb (121, 158) . This suggests that Rheb might not require a GEF for its activation or that Rheb-GEF catalyzes Rheb by a different mechanism from that employed by Ras-GEF. It has been reported that Rheb-K60 and Rheb-V60, a Rheb mutant lacking the ability to bind GTP, act as dominant negative forms in yeast and mammalian cells (236) . Expression of Rheb-K60 inhibits the basal level of S6K phosphorylation in HEK293 cells. However, we did not detect a dominant negative effect of either Rheb-K60 or Rheb-V60 in mammalian cells. In fact, Rheb-V60 stimulates S6K phosphorylation (T389) in our assays, although it is less active than the wild-type Rheb (147, 148, 160) . The discrepancy of these results could be due to different expression levels of overexpressed Rheb in cells. Therefore, the issue of a dominant negative Rheb remains open.
How Does Rheb Activate mTOR?
Currently, there are two proposed mechanisms for how Rheb could regulate TOR. First, Rheb may be a component of the TOR complex, thereby directly regulating TOR function. Like other Ras family members, Rheb is modified posttranslationally by farnesyltransferase (49, 272) . The enzyme adds farnesyl isoprenoids covalently to a cysteine residue at the C terminus of Rheb, which is important for Rheb to optimally function as an activator of mTOR signaling (37, 243) . Like other farnesylated small G proteins (277) , farnesylated Rheb preferentially associates with the membrane. Since TOR is also found in the membrane fraction, including those of the mitochondria and endoplasmic reticulum (67, 205) , the membraneassociated Rheb may recruit the TOR signaling complex to the membrane. However, until now, no convincing direct association between Rheb and TOR has been reported. Therefore, it is possible that Rheb may bind to and activate mTOR-interacting proteins such as Raptor or G␤L, rather than interacting with and activating TOR directly. It will be interesting to examine whether wild-type Rheb or Rheb harboring mutations in the effector domain affect the association between mTOR and raptor or G␤L. Furthermore, with the identification of the Rictor-mTOR complex, it will be also important to determine whether Rheb activates TORC2. Those investigations will provide new insights into the mechanisms by which Rheb activates TOR complexes. A different but not mutually exclusive hypothesis is that Rheb may regulate TOR function by affecting the transport of upstream signals such as amino acids (158, 209, 251, 255) . For instance, Saucedo et al. have shown that overexpressed Rheb functions to promote cell growth and animal viability under conditions of protein starvation (209) . In addition, it has been reported that the cells depend on Rheb to grow normally under situations with a limited amount of nitrogen in fission yeast (158) . However, there are several caveats associated with this model. First, Rheb has also been linked to inhibit amino acid uptake, in this case arginine in both Schizosaccharomyces pombe (fission yeast) and S. cerevisiae (budding yeast) (251, 255) . Second, it has been reported that disruption of either Tsc1p or Tsc2p in fission yeast results in a mislocalization of amino acid permease and reduction of permeases expression (163) . Third, it remains unclear whether Tsc1p-Tsc2p and/or Rhebp regulation of nutrient uptake requires Tor function, since Tor has been known for its role in regulating amino acids uptake. Fourth, overexpressed Rheb can efficiently activate mTOR pathway under amino acid-free conditions in both mammalian and Drosophila cells (76, 121, 209) . Therefore, it still remains open whether TSC1-TSC2 and Rheb stimulate mTOR function by regulating amino acid uptake.
mTOR and Hamartomas
Many studies during the past decade have revealed that TOR plays a central role in controlling cell growth, proliferation, and metabolism in a variety of organisms. Multiple signals impinge on TOR, and a variety of effects emanate from TOR (52, 127) . It is not surprising that dysregulation of the TOR signaling pathway has been associated with disturbed organ development and tissue homeostasis and thus ultimately with the formation of tumors. Several pieces of evidence now point to a promising linkage between the mTOR signaling pathway and tumor development, although oncogenic mutations of mTOR have not yet been found in tumors. First, some neuroblastomas and glioblastomas are particularly sensitive to rapamycin treatment, implicating TOR function in the development of these tumors (114) . Second, the mTOR signaling pathway is constitutively activated in pancreatic cancer cells (89) . Third, mTOR promotes the translation of c-Myc, a transcription factor that is frequently dysregulated in many tumor types, whereas mTOR destabilizes p27kip1, an inhibitor of the cyclin-dependent kinase (78, 157, 179) . Fourth, many proteins that are related to the mTOR signaling pathway possess transforming potential, including elF4E (47, 203) . Fifth, mTOR regulates proto-oncogenic factors, such as hypoxia-inducible factor and vascular endothelial growth factor (3, 7, 31, 69, 117) . All these studies highlight a critical role for the TOR signal pathway in tumor formation.
Importantly, recent genetic analysis and biochemical studies have linked mTOR to the PTEN-PI3K-Akt-TSC1-TSC2 (225) and LKB1-AMPK-TSC1-TSC2 (36, 123) pathways, which are dysfunctional in many tumors and organ hypertrophy (Fig. 6) . VOL. 69, 2005 SIGNALING BY TOR PROTEINS IN CELL GROWTH CONTROL 93 Inactivation of the TSC1-TSC2 complex leads to TSC. Loss of function of PTEN is also held responsible for hamartoma syndromes such as Cowden's disease (34) . Inactivation of LKB results in Peutz-Jeghers syndrome (268) . Mutation of the ␥2 subunit of AMPK, leading to inactivation of AMPK, is responsible for familial cardiac hypertrophy (59) (Fig. 6 ). These are seemingly distinct and independent clinical disease entities. However, from the molecular etiology point of view, all of them might have the same root, i.e., the dysfunction of mTORrelated signaling pathways (36, 123, 225) . The results of these studies are of great clinical significance. We propose that dysregulation of the mTOR pathway might represent a common molecular mechanism that contributes to the pathogenesis of many hamartoma syndromes. More generally, they suggest that in the age of molecular medicine, the clinical diagnosis of various hamartomas should include more molecular-etiologybased criteria rather than merely reflecting on the clinical features of the diseases. Such a molecular-etiology-based diagnostic method would not only prove to be more instrumental and meaningful for differential diagnoses for various hamartomas but also, perhaps more importantly, provide a solid mechanistic foundation leading to increased treatment efficiency and thus to more successful and predictable treatment outcomes. From a therapeutic point of view, the appreciation of dysfunction of mTOR signaling as the underlying molecular mechanism of several hamartomas immediately suggests that rapamycin, as a specific TOR inhibitor, would have a potential therapeutic impact on treating hamartoma syndromes associated with TOR activation, such as Cowden's disease, PeutzJeghers syndrome, and TSC (133, 176, 192, 275) . However, caution should be exercised in considering the potential application of rapamycin on benign tumors. Several groups have reported that there is a negative-feedback system from S6K to the molecules upstream of Akt, such as insulin receptor substrates (IRSs) (100, 102, 223, 249) . IRS is a physiological target of S6K, and S6K phosphorylation of IRSs inhibits their functions, including activating the PI3K-Akt signaling pathway. Akt, besides regulating the mTOR pathway, also has many mTOR-independent functions that are involved in oncogenic signaling pathways. The existence of this negative-feedback loop may explain why tumors associated with the dysfunction of the mTOR pathway are virtually benign. Moreover, since rapamycin could disrupt this negative-feedback loop, the safety of mTOR inhibitors as therapeutic agents for benign hamartoma syndromes needs to be carefully evaluated. Given the important roles of mTOR in the normal life of mammalian cells and the severe consequences associated with disturbed TOR signals, it is conceivable that mTOR is subjected to additional regulation other than the PTEN-PI3K-Akt and LKB1-AMPK and that mTOR might have a target spectrum much broader than the spectrum we know about at present. To further elucidate the involvement of TOR in oncogenesis, it would be important to identify these additional linkages as well as other novel mTOR effectors. These efforts would broaden our knowledge of mTOR biology and potentially expand the therapeutic spectrum of rapamycin.
